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Abstract Proteins of known structures are generally classified 
into one of the following four folding types: (Y, p, (Y + & and culp 
proteins. Recent findings [Muskal and Kim (1992) J. Mol. Biol. 
225, 713-7271 suggested that the folding type of a protein might 
basically depend on its amino acid composition. If this is true, why 
is that the predicted results of the protein folding type from amino 
acid composition always failed to reach the desired accuracy? An 
examination of the prediction approach indicates that none of the 
previous algorithms has ever taken into account the coupling 
effect among different amino acid components. In view of this, a 
new algorithm has been developed which distinguishes itself from 
the previous ones by incorporating such a coupling effect. The 
very high rates, 99.2% and 95.3%, of correct predictions thus 
obtained for a recently constructed training set of 120 proteins 
and testing set of 64 proteins, respectively, provide confirmation 
of the above suggestion. 
Key words: d, B, 01+ p, a/j3 Protein; Coupling effect; 
Mahalanobis distance; Cross validation 
The overall fold of a protein is generally described in terms 
of its folding type [l-S]. In order to predict the folding type of 
a protein, various methods were proposed [6-l 11. It is to dem- 
onstrate in this letter that, by incorporating the coupling effect 
among different amino acid components, the prediction accu- 
racy can be significantly improved. 
According to its amino acid composition, a protein molecule 
can be represented by a point or a vector in a 20D (dimensional) 
space, the so-called composition space [6]. However, the amino 
acid composition of a protein must be normalized, i.e. con- 
strained by I,*: , xi = I, where x, is the composition component 
of the ith amino acid in a protein. This indicates that of the 20 
amino acid composition components only 19 are independent. 
Therefore, by leaving out any one of its 20 components, one can 
stil uniquely represent a protein by a point in a 19D space, as 
formulated by the following equation: 
(k= 1, 2, . N) (1) 
where xk ,, xk,*, . . . . . . . x~,,~ are respectively the 19 amino acid 
composition components of the kth protein X,, and N the total 
number of proteins in a given set. The norm of the protein set 
is defined by 
*Corresponding author. Fax: (1) (616) 385-7373. 
XI 
x= % [_! (2) G4 
where 
x, = $I X/,,r (i = 1, 2, . . . . 19) (3) 
When the Nproteins in eq. (3) are all a proteins, x thus defined 
would become the norm of an a protein set, denoted by x,. 
Likewise, when the N proteins in eq. (3) are all j?, or a + /l, or 
a/j? proteins, x would become the norm of a B, or a + /I, or a/p 
protein set, denoted by xB, x, + B, or x,,, respectively. 
Suppose X is a protein whose folding type is to be predicted. 
It also corresponds to a point (x,, x2, . . . . x,~) in the 19D space, 
where x, is the normalized frequency of its ith amino acid. Thus, 
the Mahalanobis distance, D(X,x), between the norm x de- 
fined by eq. (2) and X in the 19D space is given by [ 121 
D, (X,x) = (X - @‘S-‘(X - x) (4) 
where T is the transposition operator, and S’ is the inverse 
matrix of S defined by the following 19 x 19 covariance matrix 
XI.1 31,2 ‘.’ XI.19 
s= s2,1 s2,2 “’ s2,19 
i: 4 (5) : 1.. . . Sl9.1 s19.2 ‘.’ $19.19 
where 
N 
sttj= c [x,,,-~i][xk,,-~j]’ (ij=1,2, . ..) 19) (6) 
k=l 
Note that the non-diagonal terms in eq. (5) are generally not 
equal to zero. It is these terms through which the coupling effect 
among different amino acid components is incorporated. Actu- 
ally, a similar treatment has also been used by other investiga- 
tors [13-161 in developing methods for alignment of protein 
sequences by using a substitution matrix with scores for all 
possible exchanges of one amino acid with another. Although 
the matrix elements introduced by them are different with those 
of the covariance matrix defined here, they both reflect the 
importance of coupling effect among different amino acid com- 
ponents in studying the similarity of proteins. It can also be 
proved that the value of D(X,x) is independent of which 19 of 
the 20 components are chosen as the bases for calculation. In 
other words, it will lead to a same result of D(X,x) by leaving 
out any one of the 20 normalized components from eq. (1) as 
long as X, %, and S are defined in a same 19D space. 
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Fig. 1. The 3D histogram to show the Mahalanobis distance from each of (a) the 30 a proteins, (b) the 30 B proteins, (c) the 30 a + /I proteins, and 
(d) the 30 a/j3 proteins to the norms of a, ,B, a + j3 and a/B types, respectively. The proteins in each folding type are arranged from left to right along 
the abscissa according to their order in Table 1. The Mahalanobis distance is shown by the ordinate. Note that any distances with Dz > 10 are cut 
down to 10. The arrow in panel (d) indicates the only protein (ITMD-, the 19th a/,8 protein in Table 1) that was incorrectly predicted. 
When the N proteins in eqs. (3) and (6) are all a proteins, the 
S thus defined will become the covariance matrix of an a pro- 
tein set, denoted by S,, and D2(X,@ will become D2(X,x,). 
Likewise, when the N proteins in eqs. (3) and (6) are all ,& or 
a + p, or a/p proteins, S will become the covariance matrix of 
a p, or a + j3, or a//? protein set, denoted by $, S, +@, or S,,), 
respectively. And the corresponding D2(X,X) will become 
D2(X&9), 0*(X,x, + fl)’ or D2(X,E,&. The protein X will be 
predicted to be the folding type for which D* has the least value, 
as can be formulated as follows. Suppose 
D2(X,x,) = 
= Min {D*(X,%), D2(X,~p),D2(X,%+,d, D2(X,%,B)l (8) 
where the index e can be a, p, a + /I, or alp, and the operator 
Min means taking the least one among those in the parentheses, 
then the index e of eq. (8) will represent which folding type the 
protein X should belong to. Therefore, the new algorithm is 
based on the least Mahalanobis distance principle. 
In addition to a more efficient algorithm [17] a better training 
database is also important for improving the accuracy of pre- 
diction. In view of this, the selection of proteins for the training 
database is carried out according to that they should have 
(i) as many nonhomologous structures as possible, (ii) a good 
quality of structure, and (iii) a typical or distinguishable feature 
for each of the folding types concerned. 120 structure-known 
proteins were thus selected and classified into 30 a, 30 /?, 30 
a + /?, and 30 a//j’ proteins (Table 1). Based on such a training 
database, the norms and the inverse covariance matrices for the 
a, /3, a + j?, and a/p are derived. Since these data are important 
for any practical calculations, they are given in Table 2. The 
predicted results thus obtained indicate that the rates of correct 
prediction for the 30 a, 30 p, 30 a + p, and 30 a//l proteins are 
lOO%, lOO%, 100%, and 96,7%, respectively (Fig. la-d), with 
an average accuracy of 119/120 = 99.2%. However, for the 
same set of proteins, if predicted by the least Euclidean distance 
algorithm [6] or the least Hamming distance algorithm [7], the 
average accuracy was only 76/120 = 63.3% or 83/120 = 69.2%, 
respectively. 
As a cross-validation test, predictions have also been per- 
formed for a set of 64 independent testing proteins which are 
not included in the training database of the 4 x 30 proteins. The 
predicted results by the current algorithm are given in Table 3, 
which indicates an average accuracy of 61/64 = 95.3%. How- 
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Table 1 
The PDB (Protein Data Bank) codes of the 4 x 30 = 120 representative 
oroteins in the training database” 
1 
PDB codeb 
Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
a type B type 
1AVHA 1 ACX- 
1BABB IAYH- 
lBRD- lCD8- 
ICSA- 1 CDTA 
1 CPCA lCID- 
1CPCL 1DFNA 
lECO- 1HILA 
1 FCS- 1 HIVA 
1 FHA- 1HLEB 
1 FIAB 1MAMH 
lHBG- 1MONA 
1HDDC IOMF- 
1HIGA IPHY- 
lLE4- 1REIA 
lLIG- ITEN- 
1LTSC ITLK- 
lMBC- 1VAAB 
lMBS- 2ALP- 
1RPRA 2AVIA 
1TROA 2BPA2 
IUTG- 2HHRC 
256BA 2ILA- 
2CCYA 2LALA 
2LHl- 2SNV- 
2LHB- 3CD4A 
ZMHBA 4GCR- 
2MHBB 7APIB 
ZZTAA 8IlB- 
4MBA- SFABA 
4MBN- 8FABB 
a+Btype a@ type 
IAAK- lABA- 
lCTF- ICIS- 
1DNKA 1CSEI 
IEAF- ICTC- 
1HSBA lDHR- 
1 LTSA lDRI- 
1LTSD lETU- 
1NRCA lFXl- 
lOVB- IGPB- 
IPOC- IOFV- 
IPPN- IPAZ- 
IPRF- 1PFKA 
IRND- 1PGD 
lSNC- 1421 
lTFG- lSOl- 
ITGSI lSBP- 
2ACHA lSBT- 
ZACT- 1TIMA 
2BPAl ITMD- 
2SNS- ITREA 
ZSSI- IULA- 
3IL8- 1WSYB 
3RUBS 2HAD- 
3SGBI 2LIV- 
3SICI 3GBP- 
4BLMA 4FXN- 
4TMS- SCPA- 
8CATA 5P21- 
9RNT- 8ABP- 
9RSAA 8ATCA 
“The classification was made according to the following criteria: a 
proteins, a > 40%, j3 < 5%; B proteins: a < 5%, j? > 40%; a + p pro- 
teins, a > 15%, B > 15% with more than 60% antiparallelp-sheets; and 
a//I proteins, a > 15%, p > 15% with more than 60% parallel p-sheets. 
(Here, for brevity, the percentages of a-helix and P-sheet in a protein 
are abbreviated by a and /?, respectively.) The amino acid composition 
for each of the proteins listed here, and the ratios of its a helix and 
p sheet (parallel or antiparallel) components, are available upon re- 
quest. 
bThe PDB code is constituted by the first four characters according to 
Brookhaven National Laboratory, and the fifth character used here to 
indicate a specific chain of a protein. If the fifth character is -, it means 
the corresponding protein has only one chain. 
ever, if the same 64 testing proteins were predicted by the least 
Euclidian distance algorithm [6] or the least Hamming distance 
algorithm [7], the average accuracy would be only 36/ 
64 = 56.3% or 34/64 = 53.1%, respectively. 
The above results indicate that for the same training and 
testing data the rates of correct prediction by the current algo- 
rithm are about 3040% higher than those by the previous 
algorithms. The development of prediction methods based on 
statistical theory generally consists of two parts: one is focused 
129 
on the exploration of new algorithms, and the other on the 
improvement of training data. The very high rates of correct 
prediction obtained here imply that the new algorithm will 
become a reliable tool for predicting the protein folding types 
if a statistically complete database in classifying protein struc- 
tures would be available. How large will the desired database 
be? According to a recent estimation by Chothia [ 181, the large 
majority of proteins come from about one thousand families. 
If he is correct, then the desired complete database should 
consist of about one thousand nonhomologous proteins. 
Since the only input for the new method is the amino acid 
composition of a protein, the high rate itself would further 
confirm the suggestion by Muskal and Kim [5] that the knowl- 
edge of sequence information is not necessary for highly accu- 
rate predictions of protein secondary structure content, imply- 
ing that the folding type of a protein may basically depend on 
its amino acid composition. 
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Table 2 
The data of (1) the norms of protein folding types and (2) the elements of the inverse covariance matrices, derived from the 4 x 30 representative 
proteins listed in Table 1 
(1) The norms of the four folding types. The 19 components of each of the four norms in the 19-D space are normalized to 100, 
and they are listed according to the alphabetical order of the single amino acid code. 
_______________________________--.~-___~____________~~~.._.__________________~~~~___.__________._______________--------____ 
A C D E F G H 
i 
K L H N P Q R S T " 
1 2 3 4 5 6 7 9 10 11 12 13 14 15 16 17 18 1: 
i 11.06 6 0 2.74 0 97 4.96 5 55 7.45 4 97 3.98 4 6.03 7 59 2.86 1 41 4.02 5 5 8.59 6 12 11.27 7 11 2.55 1 82 3.92 5 13 2.73 5 49 4.32 24 4.58 04 8.08 5 63 7.67 4 53 5.97 6 70 1.04 53
a+ 8.45 3.10 5.47 5.79 3.39 6.84 2.19 4.60 6.84 7.27 1.76 4.87 4.91 3.75 4.41 7.10 6.38 6.84 1.32 
a/ 9.48 1.03 6.49 6.33 3.65 8.60 2.13 6.11 6.32 7.66 2.20 4.31 4.09 4.04 3.86 5.55 5.24 8.08 1.22 
(2) The inverse covariance matrices of the four folding types. 
s.‘o+B = W,$a+i3)1 
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-0.01 
0.10 
0.09 
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0.15 
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0.11 
0.06 
0.03 
0.11 
0.12 
0.10 
-:::: 
0.11 
0.08 
0.07 
0.15 
0.28 
0.16 
0.02 
0.15 
0.07 
0.04 
0.08 
0.08 
0.08 
0.01 
0.11 
0.11 
:::: 
0.11 
0.16 
0.15 
0.03 
0.11 
0.07 
0.02 
0.01 
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0.03 
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0.02 
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0.02 
0.02 
0.03 
0.04 
0.02 
0.02 
0.03 
0.08 
0.09 
0.07 
0.00 
O.li 
X 
0.06 
0.11 
K 
0.02 
0.14 
0.05 
0.03 
0.04 
0.05 
0.06 
0.01 
0.08 
0.07 
0.01 
0.05 
0.07 
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0.08 
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0.0, 
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0.03 
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0.01 
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0.04 
0.08 
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0.06 
0.07 
E 
0.11 
0.04 
0.05 
0.07 
ii 0.03 0.04 0.05 0.06 
:::: 0.00 
0.08 o.oi 0.04 0.05 0.07 0.09 0.08 0.03 0.07 0.05 0.08 0.03 0.05 0.09 
:: 0.03 1 0.02 , 0.01 7 0.03 5 0.03 8 0.04 , 0.02 5 0.03 5 0.03 9 0.02 14 0.04 10 0.02 1 0.02 9 0.03 5 0.05 3 0.03 2 0.02 10 0.06 
19 0.06 0.04 0.0) 0.06 0.04 Cl.08 0.10 0.06 0.0, 0.0, 0.08 0.11 0.04 0.05 0.0, 0.09 0.06 0.06 0.20 
0.22 
0.26 
0.24 
0.22 
:::: 
0.25 
0.32 
0.20 
0.14 
0.12 
0.31 
0.34 
0.30 
0.36 
0.2, 
0.33 
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0.20 
_ _ _ _ _ _ 
0.24 
0.3, 
0.30 
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0.26 
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0.16 
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0.37 
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:::: 
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0.25 
0.26 
0.24 
:::7” 
0.30 
a.22 
:::: 
0.35 
0.35 
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i::: 
0.34 
0.21 
0.18 
0.24 
0.18 
E 
0.31 
:::i 
0.33 
0.21 
0.13 
:::: 
0.31 
0.30 
0.36 
0.26 
0.33 
0.26 
0.21 
0.24 
0.26 
0.27 
0.26 
0.25 
0 .a9 
:::: 
0.23 
0.17 
0.13 
0.39 
0.39 
0.34 
0.42 
0.26 
0.38 
0.24 
0.23 
0.25 
0.2, 
0.32 
0.27 
0.18 
0.28 
0.41 
0.36 
0.21 
0.15 
0.1, 
0.39 
0.36 
0.3, 
0.40 
0.29 
0.35 
0.27 
0.28 
____.__. 
0.32 
0.39 
0.35 
:::: 
0.36 
0.36 
0.50 
:::: 
0.1, 
0.50 
LX: 
0.53 
0.33 
0.49 
:::: 
_ . _ _ 
0.20 
0.25 
0.23 
0.22 
0.21 
0.23 
0.24 
0.29 
0.21 
0.14 
0.11 
0.32 
0.32 
0.28 
0.35 
0.23 
0.31 
0.20 
0.18 
0.14 
0.20 
0.15 
0.16 
0.13 
0.17 
0.15 
0.22 
0.14 
0.14 
0.06 
0.23 
0.25 
0.20 
0.24 
0.16 
0.22 
0.15 
0.12 
0.12 
0.09 
0.16 
0.12 
0.16 
0.13 
0.1, 
0.1, 
0.11 
0.06 
0.14 
0.18 
0.15 
0.17 
0.19 
0.13 
0.17 
0.14 
0.15 
._______. 
0.34 
0.49 
0.38 
0.35 
0.31 
0.39 
0.39 
0.50 
0.32 
::f: 
0.59 
0.56 
0.48 
0.58 
0.36 
0.53 
0.33 
0.32 
__ _ _ _ _ 
0.34 
E 
0.35 
0.31 
0.39 
0.36 
0.52 
0.32 
0.25 
:::: 
0.60 
0.49 
0.58 
0.37 
0.53 
0.33 
0.31 
_ _ _ _ _ _ 
0.30 
0.40 
0.34 
0.31 
0.30 
0.34 
0.3, 
0.45 
0.28 
0.20 
!I::: 
0.49 
0.46 
0.50 
0.32 
0.46 
0.31 
0.31 
.______ 
0.36 
z.:: 
0:37 
0.36 
0.42 
0.40 
0.53 
0.35 
0.24 
0.19 
0.58 
0.58 
0.50 
0.63 
0.39 
0.56 
0.36 
0.33 
_ _ _ _ _ _ _ 
0.23 
:::: 
0 .f6 
0.26 
0.26 
0.29 
0.33 
0.23 
0.16 
0.13 
0.36 
0.3, 
0.32 
0.39 
0.28 
0.35 
0.24 
0.20 
______ 
0.33 
0.41 
0.36 
0.34 
0.33 
0.38 
0.35 
0.49 
0.31 
0.22 
X 
0.53 
0.16 
0.56 
0.35 
0.54 
0.33 
0.30 
________ 
0.22 
0.25 
0.25 
0.22 
:::: 
0.2, 
0.33 
0.20 
0.15 
0.14 
0.33 
0.33 
0.31 
0.36 
0.24 
0.33 
0.25 
0.23 
_ _ _ _ _ _ _ 
0.20 
0.28 
0.24 
0.18 
0.21 
0.23 
0.28 
0.32 
0.18 
0.12 
0.15 
0.32 
0.31 
0.31 
0.33 
0.20 
0.30 
0.23 
0.32 
_____...... 
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Table 3 
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The predicted results” for the 64 testing proteins of known X-ray structure that are not included in the training database 
PDB’code of 
64 proteins 
Mahalanobis distancec 
mx%I) mxx+d 
2.20* 3.92 
Observed 
type 
Predicted 
type 
lBBL- 
1HBBA 
lIFA- 
1MRRA 
IPDE- 
1PRCM 
lSAS- 
2TMVP 
4CPV- 
0.85* 4.42 1.88 
1.81* 2.54 4.69 
0.53* 0.71 0.63 
3.21* 3.46 8.56 
4.38* 4.98 7.09 
2.88* 3.56 4.96 
1.16* 2.09 2.10 
2.83* 6.87 5.94 
11.01 
10.08 
3.05 
0.74 
5.82 
6.64 
4.23 
17.05 
11.33 
1AAIB 5.18 3.23* 3.48 21.54 
IATX- 24.33 4.38* 8.37 87.35 
1COBA 5.60 4.26% 4.80 8.81 
IEGF- 17.08 2.66* 7.15 52.36 
IEST- 6.38 1.19* 5.43 10.94 
IGPS- 16.34 5.82* 13.16 159.42 
1 HCC- 4.88 4.60* 5.25 14.19 
lIXA- 15.95 7.70* 12.51 88.52 
1MDAA 5.89 2.ol3* 2.75 4.70 
1PPFE 3.89 2.13* 8.52 19.57 
lRlA2 3.91 1.4a* 2.29 4.83 
1SHFA 7.87 0.65* 2.87 6.32 
lTIE- 2.21 0.65* 1.80 3.76 
1TNFA 4.44 1.24* 1.45 5.16 
ZACHB 6.41 4.56* 9.92 83.51 
ZCTX- 9.91 3.68* 8.30 139.45 
2MEVl 1 .I2 0.91* 4.34 5.89 
2PLVl 2.53 0.43* 4.69 3.17 
2SOD0 5.60 4.26* 4.80 8.81 
3RP2A 1.28 0.87* 1.02 2.16 
4SGBI 9.59 5.26* 8.22 131.02 
5NN9- 11.46 1.36* 1.45 18.05 
LABH- 1.97 1.68 1.06* 1.25 
1BBPA 9.16 2.38 2.16* 14.57 
lBW4- 8.39 6.07 1.79” 21.61 
ICOX- 3.72 1.21 0.64* 1.32 
1 DNKA 0.99 1.73 0.78* 3.38 
1GLAG 4.45 1.19 1.04* 1.55 
lMS2A 1.56 2.31 0.84* 6.60 
1OVOA 3.93 4.07 1.48* 56.49 
IPOC- 7.85 3.34 0.67* 17.26 
1PPBA 3.91 1.30 1.24* 2.25 
1 SHAA 1.12 2.38 1.01* 5.04 
lTHO- 3.07 3.14 0.85* 2.73 
lTRX- 3.32 3.09 1 .oo* 2.87 
ZAAA- 3.63 1.51 0.57* 2.71 
ZPIA- 1.89 0.74* 0.74 1.33 
2SN3- 7.91 9.13 2.46* 83.30 
2TAAA 2.70 0.73 0.60* 2.90 
3B5C- 3.12 5.78 1.83* 6.39 
3SC2A 4.22 0.75 0.60* 2.30 
3SC2B 8.64 1.71 1.27* 3.70 
3TLN- 4.34 0.55 0.54* 2.05 
4ENL- 0.42* 1.43 0.45 1.34 
41NSB 6.22 21.61 3.86* 25.04 
4RCRH 2.39 1.21 0.91* 2.78 
IGPB- 1.14 0.63 1.06 0.41* 
1MINA 2.90 1.61 1.18 0.64* 
1NIPB 1.48 1.71 7.16 1.24* 
ISBP- 1.84 2.02 0.85 0.4s* 
1 WSYA 6.17 1.42 1.22* 1.94 
4ICD- 1.15 1.34 1.37 0.89* 
IAATA 1.03 1.47 0.68 0.32* 
9RUBB 2.20 0.93 0.80 0.79* 
lGDl0 2.01 1.18 2.65 0.79* 
a+6 
a+B 
a+P 
a+B 
a+B 
a+B 
a+B 
a+B 
a+D 
a+P 
a+P 
a+B 
a+/3 
a+P 
a+B 
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a+B 
a+B 
a+B 
a+B 
al6 
Average Rate of correct prediction = 61/64 = 95.3% 
a See footnote a to Table 1. 
‘See footnote b to Table 1. 
‘See eq. (4) for the definition of the Mahalanobis distance, which is different for different folding type. The one with the least value (marked by 
*) is assumed to correspond to the folding type for the predicted protein (cf. eq. (8)) 
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